Gap junction communication between astrocytes is prevalent and has been proposed to be involved in several astrocyte functions. However, little is known about the developmental time course of gap junction coupling and how much the syncytium affects whole cell measurements of ion currents. Here we correlated post-whole cell recording immunohistochemistry for GLAST and the spread of injected dye from the recorded cell with the measured electrophysiological phenotype to quantify cell coupling of astrocytes and the type of astrocyte coupled, in the rat hippocampus. We found that passive astrocytes, which predominate after 3 postnatal weeks, have much lower membrane resistances (Rm), and are more frequently dye-coupled and to more cells, than outwardly and variably rectifying astrocytes which predominate in early postnatal development. Dye-coupling in GLAST(+) cells was first detected in the first postnatal week and the degree of coupling peaked before the complete transition to the low Rm, passive electrophysiological type. Also, the degree of dye coupling did not correlate with the passive electrophysiological phenotype. Passive cells were also detected after pre-treatment with a gap junction inhibitor. Further evidence that cell coupling does not contribute to the mature astrocyte electrophysiological phenotype came from recording of excised membrane patches, which predominantly corresponded to the ion channel expression profiles of their cells of origin. These findings imply that in the hippocampus inter-astrocyte cell coupling likely contributes little to the overall whole-cell current profile of diverse glia, and the electrophysiological passivity reflects the intrinsic ion channel expression of the mature astrocyte.
Introduction
Astrocytes in vivo are coupled through gap junctions that are permeable to molecules under about 1 KDa (reviewed in Theis et al. 2005) . This inter-astrocyte coupling is thought to serve several of the many proposed functions of astrocytes, such as potassium buffering (Holthoff and Witte 2000; Kofuji and Newman 2004; Orkand et al. 1966 ; except also see, Barres et al. 1990 ), calcium waves (Venance et al. 1995) and metabolic support to neurons (Farahani et al. 2005) . However, little is known about the developmental time course of gap junction coupling and how it relates to the electrophysiological properties of astrocytes. We have recently found, using whole cell in situ voltage clamp recording and immunohistochemistry for the astrocyte marker GLAST, that the rat hippocampal astrocyte population shows changes in voltage-gated ion channel expression in the first 3 weeks of postnatal development, and ultimately appears exclusively as having a low membrane resistance and a near linear currentvoltage relationship (passive) after 3 postnatal weeks of development (Zhou et al. 2006) . As the passive astrocytes become the majority of GLAST positive cells, the other 2 types, the outwardly rectifying and variably rectifying astrocytes, characterized by their distinct current-voltage relationships (Zhou et al. 2006) , become less abundant.
During this same time period the inter-astrocytic coupling in the visual cortex, as measured by dye diffusion, increases (Binmoller and Muller 1992) , and the astrocyteexpressed connexin 30 also increases (Nagy et al. 1999) . If inter-astrocyte gap junctions conduct significant currents between cells and development of the syncytium is coincident with the observed electrophysiological changes, then it could be argued Page 4 of 38 that the degree of cell coupling determines the passive electrophysiological phenotype by masking voltage-gated ion currents.
In the present study we used patch clamp electrophysiology and dye filling to measure the precise time course of the development of astrocyte dye coupling, the changes in expression of voltage gated ion channels and apparent membrane resistances in GLAST(+) astrocytes observed from postnatal day 1 through 43. We also describe the electrophysiological phenotypes of excised patches from the different cells and the effect of the gap junction blocker, meclofenamic acid (MFA). We conclude that the passive phenotype of mature astrocytes is not due to the development of the astrocyte syncytium.
Methods:
In situ whole-cell patch clamp recording:
Experiments performed with rats were done in accordance with the regulations of the Wadsworth Center's Institutional Animal Care and Use Committee. SpragueDawley rats (Taconic, Germantown, NY) were fed ad libitum and housed in 12 hour light / 12 hour dark cycles. All chemicals were purchased from Sigma (St. Louis, MO) except where noted otherwise. Rats of appropriate postnatal age (P1-43) were anesthetized with CO 2 and decapitated with a guillotine. Brains were quickly removed and adhered to the pan of a Pelco 1500 vibratome (Ted Pella, Inc., Redding, CA). Coronal 300 µm thick slices were cut in ice cold pH 7.4 slice preparation solution (containing, in mM: 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 10MgCl 2 , 10 glucose, 0.5 CaCl 2 , 240 sucrose) and transferred to aCSF (in mM: 125 NaCl, 25 NaHCO 3 , 10 glucose, 3.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 ,1 MgCl 2 ) at room temperature, bubbled with 95%O 2 /5%CO 2 . Slices were allowed to recover for at least one hour at room temperature in aCSF. Individual slices were transferred to a perfusion chamber at room temperature on an upright Olympus model BX51W1 microscope equipped with infrared differential interference contrast (DIC) optics and 10X and 40X objectives. Using the principal cell layers of the hippocampus for orientation, cells were selected in the CA1 stratum radiatum, stratum oriens and stratum lacunosum-moleculare. Typically, cells with small (under 10 µm diameter, as previously described in Zhou et al. 2006 ) cell bodies were patched. The electrode internal solution contained (in mM): 140 KCl, 0.5 Ca 2 Cl, 1 MgCl 2 , 5 EGTA, 10 HEPES, 3 Mg-ATP, and 0.3 Na-GTP (pH=7.3, 280±5 mOsm) and included 0.1-0.5% biocytin for locating the recorded cell and its associated syncytium for post-recording analyses. For electrode solution containing low intracellular chloride, 137 mM KCl in was replaced by equal mole K-gluconate that resulted in a 6 mM total chloride inside the electrode solution. A MultiClamp 700A amplifier was used for all whole cell and patch recordings. The whole cell seals obtained were of 1-4GOhm and all acquired data was handled by the PClamp9.0 program (Axon Instruments Inc., Forster City, CA) running on a personal computer. Recordings were done at room temperature and each cell was patched for at least 10 minutes. For glial electrophysiological phenotype identification, the whole cell recording was held at -70 mV. Prior to the delivery of each test voltage pulse, the cell was clamped to -110 mV for 300 ms. This pre-pulse allows maximal activation of voltage-gated transient outward K + current (IKa) as well as inward Na + current (INa + ) (Zhou and Kimelberg 2000) . The test pulses were 50 ms in duration and second interval. Membrane resistance (Rm) as reported here refers to the Rm given by the "membrane test" function of the PClamp9.0 program. The cell was held at -70mV, then a 10ms pulse to -60mV was applied. The membrane resistance was calculated from the current measured near the end of the 10ms voltage command. At the end of each recording care was taken to not pull out the recorded cell or spill excessive amounts of biocytin in the tissue. When biocytin did leak into the tissue there were conspicuous strong puncta near the electrode mark, usually with nearby pyramidal neurons labeled. Cell coupling data was not obtained from these slices. At around P30 and later nearly all slices displayed a biocytin leak, possibly due to novel expression of an as yet unidentified channel. For excised out-side-out patch recording, the cell phenotype was first determined in whole cell mode, then the patches were pulled gradually from the cell while the cell was still held at -70 mV. The completion of patch separation was indicated by the visible separation of the patch from the whole cell soma. At completion of whole cell or patch recording slices were removed from the recording chamber and immediately fixed in phosphate buffered 4% formaldehyde pH7.4 for 45-60 minutes at room temperature, washed in PBS and then stored at 4°C in PBS with 0.01% sodium azide until histochemistry and immunohistochemistry were performed.
To inhibit gap junction communication between astrocytes in acute slices we pretreated the slices with 100µM MFA for 15-25min prior to whole cell patch clamp recording. Cells were patch clamp recorded to confirm their passive nature. Some slices were fixed after recording and the biocytin was labeled and imaged as described below.
Histochemistry and immunohistochemistry:
All steps were performed at room temperature and all incubations were done with gentle agitation in solutions containing 0.01% sodium azide. Slices were permeabilized for 30 minutes in 1% Triton X-100 in phosphate buffered saline (PBS). After a brief wash in PBS, slices were incubated for 4 hours in 1:1200 Cy2-conjugated streptavidin (Jackson ImmunoResearch Labs, Inc., West Grove, PA). Slices were washed with PBS and stored at 4°C in PBS also containing 0.01% sodium azide.
Before immunohistochemistry, slices were previewed for quality of tracer fill on a wide-field fluorescence microscope (Leica Microsystems, Wetzlar GmbH) or a confocal microscope (details below). Biocytin fills in immature animals were almost always found, while those in animals greater than about 3 weeks were more variable. Slices in which filled cells could not be found were used as negative controls for the immunohistochemical procedures. The blocking solution and the diluent for antisera contained 3% normal goat serum, 0.1% Triton X-100, and 0.01% sodium azide in PBS (NGS/TX). Non-specific binding was blocked with a 3-4 hour incubation in NGS/TX. Anti-GLAST (raised in Guinea pig, Chemicon International, Inc.) and anti-NG2 (raised in rabbit, Chemicon), were diluted to 1:4000 and 1:600, respectively. Diluted antibodies were applied twice, an hour apart and then allowed to incubate overnight. NGS/TX alone was applied to negative control slices. Slices were washed once in NGS/TX, and then 3-4 times in PBS/TX (0.1% Triton X-100 in PBS) over a 3-4 hour period. The slices were re-blocked with NGS/TX, then incubated with 1:1000 Cy3-anti-Guinea pig, and 1:600 Cy5-anti-rabbit IgG (each from Jackson ImmunoResearch, Inc.). After the overnight secondary antibody incubation the slices were washed the same as was done after primary antibody incubation. Slices were then stored in PBS with sodium azide.
For microscopy, slices were moved to a glass-bottomed chamber containing PBS. A Carl Zeiss LSM510 META (Oberkochen, Germany) was used to acquire images of single confocal planes or stacks of planes. For each image or image stack the gain and detector offset were adjusted to minimize saturated pixels, yet still detect weakly fluorescent coupled cells. In nearly all cases the pinhole was set to 1 Airy unit.
Each channel was acquired separately. The presence of Biocytin and a cell type marker in individual cells was assessed using the LSM510 software or the 
Results:

Characterization of cell coupling:
Astrocytes are specifically labeled with anti-GLAST antibodies (Chaudhry et al. 1995; Lehre et al. 1995) and GLAST is expressed in several brain regions from neonate to adult (Furuta et al. 1997) . In other studies we found that the GLAST(+) population included greater than 90% of all of the GFAP(+) population in the CA1 region (Zhou et al. 2006) . Another major constituent glia of the hippocampus, the NG2(+) cells, have been found to be negative for GLAST in freshly isolated cells from the hippocampus and in situ (Schools et al. 2003; Zhou et al. 2006) . Therefore anti-GLAST is a good membrane protein marker to label astrocytes after electrophysiological recording.
Slices were also stained for the oligodendrocyte precursor cell marker, NG2 and the recorded GLAST(+) cells were never NG2(+) (not shown). Since image stacks containing the whole dye-filled syncytia were routinely acquired we were able to quantify the syncytium sizes for each cell type. Recall that cell coupling can be present in each electrophysiological type. The PAs were coupled to more cells than the other two cell types (figure 2B). There was also an age-dependent It remains unclear how frequently astrocytes are functionally coupled to other cell types. In the present study we used only anti-GLAST and anti-NG2 double staining to characterize the recorded cells, but these antisera usually labeled the entire depth of the dye-filled syncytia. Confocal image stacks of 6 biocytin-filled syncytia, selected from various ages with mean animal age of 8.2 days, were analyzed for GLAST immunoreactivity and 138 of the 139 cells were GLAST(+). Therefore, less than 1 percent of the cells in a rat hippocampal astrocyte syncytium are GLAST(-). In two other instances GLAST(+) cells were seen coupled to NG2(+) cells (not shown). In many images biocytin-filled end feet could be see encircling vessels, but the biocytin did not appear to diffuse into endothelial cells. Some of the GLAST(-) cells coupled to GLAST(+) recorded cells may be oligodendrocytes as oligodendrocytes have been shown to form gap junctions with astrocytes (Rash et al. 1997; Rash et al. 2001) .
However, these studies did not assess the intercellular diffusion of dye.
Evidence that electropysiological phenotype is independent of cell coupling:
Our results presented above suggest an inverse relationship between cell coupling and the presence of voltage gated ion currents. Stated differently, the presence of coupling or the degree of coupling can, in theory, contribute significantly to the measured electrophysiological properties of individual glia. For example, the mean syncytium size of GLAST(+) PAs is higher than that of ORAs and VRAs (Fig 2B) , and, all PAs were coupled (Fig 2A) . However, on closer examination it appears that the coupling does not directly correlate with the presence of voltage gated ion currents.
If increased syncytium size caused the observed transition from ORA to VRA to PA then we would expect to see coincidence between the increase in syncytium size and percent of PA observed, and this does not occur. Rather, the increase in mean syncytium size of GLAST(+) glia precedes the transition from those types expressing a complex electrophysiological phenotype and those expressing passive phenotypes. This shows that in these cases the membrane resistance is not a reflection of the number of cells it is coupled to and therefore implies that it is due to an intrinsic difference in the recorded cells' expression of leak channels between the two cell types. 
Excised patches
We also made recordings from outside-out membrane patches excised from cells which had been whole cell recorded. This recording configuration allows for determination of membrane ion channel expression without influence from syncytia and significantly improved voltage clamp quality. If the syncytium has a large effect on the whole cell profile, then we would expect to see a transition from passive to non-passive electrophysiological type when the patch recording is compared to its whole cell recording. As the patches were pulled from the cell bodies, a decrease in membrane capacitance (patch C M =6.2±3.3 pA, n=17) was observed, but there was not a significant drop in membrane potential as the transmembrane ion gradients are maintained (patch V M =-61±13, n=23). Figure 7A through C show representative whole cell and patch recordings from ORG, VRG and PG cells (Note: these are denoted ORG, VRG and PG because immunohistochemistry for GLAST was not performed). In each example the outside-out membrane patches predominantly resemble the electrophysiological profiles of the whole cell from which it was pulled. More patches reflected their parent cells than did not (summarized in figure 7D ) and it can be seen that the patches from ORGs most frequently (92%) yielded the parent cell character. When VRG and ORG yielded a different profile from the parent cell it was always passive. Greater than 60% of the patches excised from PG cells yielded passive patches (n=16), and those that did not were VRG (n=9). Considering all 3 cell types, the concordance between the whole cell electrophysiological type and their corresponding excised membrane patches was significant (Goodman-Kruskal's Gamma = 0.92, p<<0.001). Thus the overall electrophysiological phenotype of hippocampal glia is likely due to channels in the membrane of the recorded cell.
Discussion:
Role of gap junctions in electrophysiological phenotype
The results presented here extend our understanding of the relationship between cell coupling and the electrical properties of the membranes in astrocytes measured from individual cell bodies in situ. It is assumed that if a tracer molecule, such as Lucifer Yellow or biocytin can pass between gap junction-connected astrocytes, the electrical current will also, although the converse need not be the case because of the large difference in the time scales over which these two phenomena are observed, 50ms for current and at least 10 minutes for dye transfer. A relative abundance of leak type channels in the cell soma ensures that most of the injected current will pass through these rather than the gap junction channels, especially if the latter are located on the ends of the thin processes with higher cross sectional resistance, as they are in the cerebellum (Muller et al. 1996) . This is different from the situation in primary astrocyte cultures where there are no fine cell processes and gap junctions are spread around the entire rim of the flat cells (Dermietzel et al. 1991) . In the mature rat Further evidence that the cell coupling is not a primary determinant of electrophysiological type comes from the developmental increase in syncytium size, which reaches a maximum before the transition to the passive phenotype. If the high degree of coupling is the basis of the passive phenotype then one might expect the syncytium size to increase coincidentally with the transition to the passive phenotype.
Three lines of evidence are generated from the experiments with the gap junction blocker MFA. First, the overall passive current pattern did not change upon MFA treatment, which is consistent with previous studies by others using 2 other gap junction blockers (Wallfaff et al. 2004 ) and our outside-out patch data analysis, and indicates that the characteristic passive current pattern is attributed to the ion channel properties of each individual cell instead of being formed by the junctional currents flowing to coupled astrocytes. MFA, like all gap junction blockers is not selective and has been shown to inhibit and activate several ion channels (Lee and Wang 1999; Peretz et al. 2005 ). However, in our experimental conditions it does not alter the resting membrane potential and is therefore not obviously affecting ion channel activity. Additionally, when we decreased the Cl concentration in the recording pipette we observed no change in resting membrane potential. Therefore, MFA is not likely to be acting on Cl channels in astrocytes in rat hippocampal slices.
If the cell coupling was the cause of ohmic whole cell responses to voltage command, then we would not expect to see ORAs and VRAs coupled, as even coupling to a few cells with free current access should greatly decrease Rm and convert these voltage and time-dependent currents to more passive-appearing currents. However, both of these electrophysiological types are also coupled (see figure 2) . There is no apparent threshold in syncytium size, beyond which an ORA becomes a VRA or a VRA becomes a PA. It is most significant that there are examples of all 3 electrophysiological types that are coupled in similar sized syncytia (figure 4). Thus, although we cannot exclude some contribution of the gap junctions, the simplest explanation from ours and others' studies (Barres et al. 1990; Muller et al. 1996; Wallraff et al. 2004 ) is that the passive or non-passive electrophysiological phenotypes of glial cells reflect their intrinsic membrane channels rather than the effect of intercellular current spread through gap junctions which leads to attenuated voltage clamping, preventing the observation of voltage-gated and time-dependent channels.
Data in the literature also argues against gap junction coupling as a major determinant of individual astrocyte electrophysiological phenotype. Wallraff et al. (2004) used other gap junction blockers (octanol and carbenoxolone) and found no effect on input resistance measured from glia in the 9-65 day old hippocampal slice. When dyecoupled pairs of Bergmann glial cells of the mouse cerebellum were voltage clamped, junctional conductance was low in comparison to current through the membrane of the current-injected cell (Muller et al. 1996) . Finally, Barres et al. (1990) Thus on an individual cell basis, gap junctions in part determined the Cm and Rm but had no effect on the passive profile ( Figure 6A ).
Development of astrocyte dye coupling
Coupled GLAST(+) astrocytes first appear at P1 and their frequency rapidly increases thereafter. We thus found dye coupling between astrocytes at an earlier age than was reported for astrocytes in the rat visual cortex (Binmoller and Muller 1992), or in Bergman glia of the mouse cerebellum (Muller et al. 1996) . The former study found no coupling before P11 using Lucifer yellow as a fluorescent dye and the latter found coupling at P20-24, but not P5-7. This could be due to differences between brain regions. 
Properties of excised patches
The passive cell behaves as if it were almost invisible in the whole cell patch clamp configuration. Its influence is only clearly seen in the reversal potential of around -72mV compared to the calculated E K of -93mV. Since the considerable voltage drop over the electrode resistance of ~5MS is on the same scale as the cell membrane resistance (Rm) measured as best as can be done from the resistance and capacitance change by the amplifier, the passivity can be partly attributed to the passive resistance of the electrode as well as the membrane conductance. This is why others (Bordey and to at least one other cell it was counted as "coupled". In some cases the recorded cell was coupled, but we were not able to determine the number of cells it was coupled to.
Panel A shows the PAs (n=29) are more frequently coupled than ORAs (n=9) and VRAs 
